Regular additions of mineral salts have been made over a 4-or 5-year period to sites in an upper marsh at Stiffkey, Norfolk, in order to examine the effects of these salts on the composition of the vegetation and to determine whether the upper marsh was deficient in nitrogen for plant growth. In other experiments 'pulses' of inorganic nitrogen (NH+ or NO 3)were added to field plots at different times during a single growing season and the standing crop of species measured.
INTRODUCTION
Salt marshes are nutrient sinks where there is an abundance of most essential elements for plant growth (Pomeroy 1970) , and where primary production may exceed 2000 g m -2 per annum (Whittaker 1970) . However, Pigott (1969) and Stewart, Lee & Orebamjo (1972 , 1973 have suggested that in the upper levels of salt marshes the growth of halophytes may be restricted because of a shortage of nitrogen. The latter authors cited as evidence the low levels of the enzyme nitrate reductase in the leaves of plants from the upper marsh compared with those from the low marsh, while Pigott has studied the marked growth responses which annual halophytic species show when nitrogen is added to cultures of sediment originally collected from the upper marsh. Jefferies (1977) has shown that although there are seasonal changes in the concentrations of nitrate and ammonium ions in the soil solutions of the upper and lower marsh the values obtained at any one time are similar at both sites. In addition, populations of annual and perennial species from the upper levels of a marsh show a relatively poor growth response to nitrogen in culture compared with populations from the lower level * Present address: Department of Botany, University of Toronto, Canada, M5S lAl. 867 of the marsh. This relatively slow growth may be an adaptation to summer drought. During most of the summer tides fail to cover the upper marsh, and as a result of evapotranspiration the water content of the sediments falls and the soil solution becomes hypersaline. In the upper marsh both annual and perennial plants undergo vegetative growth, and in some cases flowering, before the onset of this period of stress. Further growth and development occurs in late summer when conditions ameliorate and the tides cover the marsh. However, in late summer the concentration of nitrogen in the soil solutions of both the upper and lower levels of the marsh falls. In the lower marsh annual plants such as Salicornia europaea agg. are dominant over large areas, but in the upper marsh they compete with perennial plants for resources. In late summer, therefore, the growth of annuals in the upper marsh may be limited because of a more efficient exploitation by perennial plants of a decreasing nitrogen supply, and also because the very small root systems of these annuals are confined usually to the top 2 cm of the soil and thus unable to exploit much of the sediment.
Because of the results of earlier studies and those discussed above, the responses of plants to additions of nitrogen, phosphorus and potassium to field plots in the upper level of the marsh were examined. The purpose of this study was to determine whether additions of nutrients resulted in changes in the above-ground biomass of annual and perennial plants and in the composition of the vegetation, and whether the upper marsh was deficient in nitrogen for plant growth. Two types of experiment were conducted. The first type involved regular additions of nutrients to field plots from 1971 and 1972 to 1975 , and in the second type 'pulses' of nutrients were added to field plots at different times during the growing season in 1975, and changes in above-ground biomass of species studied.
MATERIALS AND METHODS
The effects of additions of nutrients on the vegetation were studied at two sites in the upper salt marsh at Stiffkey, Norfolk (Nat. Grid ref. TF 964441). The two areas chosen for long-term studies were as follows: a flat area ('low elevation site') dominated by Puccinellia maritima*, Limonium vulgare, Armeria maritima and Triglochin maritima; and another flat area ('high elevation site') 13 cm higher in elevation dominated by Plantago maritima, Limonium vulgare and Armeria maritima as previously described (Jefferies 1977) . At each site, care was taken to select by subjective judgment a plot of sufficient size in which the vegetation was uniform and in which the differences in height across a plot were less than 05 cm. Although rabbits were present in the area, they appear to have had little effect on the outcome of the experiments; the little grazing that was observed was confined to early in the season, and restricted to the grazing of flowering heads of Triglochin maritima and very occasionally to the tips of vegetative shoots of Plantago maritima. Addition of minerals started in August 1971 on the plot at the low elevation site and in 1972 on the plot at the high elevation site. Both experiments were terminated in August 1975. At each site the experimental plot was laid out in the form of a latin square of size 5 x 5 m. The plot was designed to give five rows and five columns, and each of the twenty-five sub-plots so formed was 50 x 50 cm; between the rows and columns were strips 50 cm wide, which allowed access to the sub-plots.
The mineral salts were applied once-monthly between January and September, and again in November. Applications were made immediately following spring tides, so that the salts would not be washed away by the next tide. The amounts of nutrients added were similar to those used by Willis (1963) in his studies (Table 1) . Each row and column of the latin square consisted of four treated sub-plots and a control sub-plot. Nitrogen was added to two of the sub-plots in a row or column as either ammonium sulphate or as sodium nitrate, in order to study the effects of different forms of nitrogen on the vegetation. The third sub-plot received phosphorus as sodium dihydrogen phosphate. Pigott (1969) reported some growth response of plants of Salicornia europaea agg. to additions of phosphorus when these plants were grown in salt marsh soils in a glasshouse. Potassium chloride was applied to the fourth sub-plot. The remaining sub-plot in each row and column received no treatment. In each case, the salts were crushed and carefully spread across plots by hand.
In the late summer (August-September) of each year, the shoot frequencies (GriegSmith 1964) of species in all of the control and treated sub-plots were recorded. The 50 x 50 cm sub-plots were subdivided into 100 units, each of which was 5 x 5 cm, and the presence or absence of species in each unit was recorded. This design ensured that for each treatment and for the control plots, changes in frequency of a species were based on a total of 500 units and on a grand total of 2500 units for the complete experimental plot. The frequency of the species was recorded the year the experimental plots were laid down and every year thereafter. In addition, the number of inflorescences of each species was recorded, except that in this case the first records were collected one year after the commencement of the treatments. At the termination of the experiment in August 1975 the plots were excavated to a depth of 15 cm, and the turfs so obtained transported to the laboratory. The above-ground vegetation on each plot was cut and separated into species. A further separation into living and dead material and into flowering and vegetative shoots was made. The different plant materials were dried in an oven at 80 ?C and weighed. A further series of experiments was carried out in the period between January and August 1975, when additions of inorganic nutrients were made to three plots laid out in the high elevation site of the upper marsh. On two of these plots, additions of nitrogen (either NH' or NO-) were made at different times, and the effect of these 'pulses' of nitrogen on the vegetation studied. Each treatment consisted of two additions of nitrogen, applied during one of the following periods: January-February, March-April, May-June, July-August. In one of the experiments nitrogen was added as ammonium chloride and in the other as sodium nitrate. The amount of salt applied to a sub-plot (50 x 50 cm) on each occasion is given in Table 1 . A similar experiment to those described earlier, in which separate additions of N, P or K were made, was also set up in the same area. This third experiment started in January 1975, and salts were added to the sub-plots at given in Table 2 for the experimental plots in the upper marsh at low and high elevations respectively. Species which were initially abundant in the plots showed similar changes in percentage shoot frequency in both the control and treated plots, and no significant differences between treatments were observed. For example, in the plot at a low elevation site in the upper marsh, the effects of the different treatments on Limonium vulgare, Puccinellia maritima and Salicornia europaea agg. were not significant, and similarly for Plantago maritima and Salicornia europaea agg. in the high elevation site.
Other species showed a significant change in shoot frequency over the experimental period. These were either annual or perennial species that were at a low frequency at the start of the experiment. Halimione portulacoides, Aster tripolium, Suaeda maritima and Spergularia marina increased their frequencies in those plots which received additions of inorganic nitrogen. The first three of these species also grew well in sand culture to which nitrogen was added at a concentration of 1 mm (Jefferies 1977) . By contrast, the shoot frequency of Armeria maritima, although high initially, fell during the experimental period in those sub-plots treated with inorganic nitrogen. In sand culture, this species showed a poor growth response to nitrogen, and it is likely that the fall in shoot frequency reflects competition from associated species which have a higher relative growth rate than that of Armeria.
At both experimental sites significant differences in shoot frequencies between years were recorded for all species, except for Puccinellia maritima and Spergularia marina in the low and high elevation sites respectively. Although there were no significant differences in the percentage shoot frequencies of many species between treatments, significant differences in the numbers of inflorescences in certain of these species were recorded between treatments in both experimental plots (Figs 3 and 4) . In those sub-plots which received inorganic nitrogen either as ammonium or nitrate salts, the numbers of inflorescences of Halimione portulacoides, Limonium vulgare and Spergularia marina were significantly higher than corresponding numbers for the remainder of the sub-plots. As with shoot frequency, year-to-year variation in the number of inflorescences of a species within sub-plots was large. Armeria maritima showed a fall in the number of inflorescences in those plots which received inorganic nitrogen, again a response to increased competition from faster growing species, most of which have an erect growth habit.
The above-ground standing crop data for the control and treated sub-plots at the termination of the experiments in August 1975 are given in Figs 5 and 6, and the statistical analyses in Table 3 . The results for the standing crops show a similar trend to those for the percentage shoot frequency. At the low elevation site there were no significant differences in the standing crops of A. maritima, Triglochin maritima and Limonium vulgare (vegetative shoots only) for the control and treated plots. In those sub-plots which received inorganic nitrogen, a highly significant increase in the standing crops of Suaeda maritima, Salicornia europaea agg., Spergularia marina, Halimioneportulacoides and the flowering shoots of Limonium vulgare was recorded, compared with corresponding data for the control and treated plots. At the high elevation site there were no significant differences in standing crop between treatments for Armeria maritima, Triglochin maritima, Aster tripolium and Salicornia europaea agg. Species which showed a significant increase in biomass on the nitrogen-treated sub-plots included Suaeda maritima, Spergularia marina, Halimione portulacoides and Limonium vulgare. On these sub-plots the biomass of green algae was significantly lower than on the remainder of the sub-plots, a response to the reduction of bare ground and the enhanced vegetative growth of annual and perennial plants.
In experiments in which 'pulses' of inorganic nitrogen (either ammonium or nitrate salts) were added to sub-plots twice during one growing season, the effects of the different treatments on the standing crop of the individual species without exception were not ( 0) composition of the vegetation may not reflect the responses of different species to nutrients per se, but the effect of interactions between the component species when nutrients are added to plots. Grime (1973) has indicated that differences between species in growth habit, litter accumulation and phenology will all influence the composition of the vegetation when the habitat is perturbed. Differences of this sort in tidal marshes appear to be relatively unimportant compared with other ecosystems. For example, there are relatively few species, the majority of these species are herbaceous perennials with a similar growth habit, and much of the annual accumulation of plant litter is removed by the tide, so that large quantities of litter fail to accumulate at the site. Pigott (1969) pointed out that many salt marsh species are sensitive to trampling. One of the consequences of the regular application of salts and of the recording of the vegetation, which was unforeseen at the start of the experiments, was that the vegetation in the zones of access to the plots was destroyed and some erosion of these access zones occurred. The effect of the trampling was not confined to the crushing of the leaves of species, but involved also the compaction of the soil and the development of anaerobic conditions, as indicated by the appearance of black reduced mud in these access zones. The three perennial species which were resistant to the trampling were Halimione portulacoides, Puccinellia maritima and Triglochin maritima; the annual species Salicornia europaea agg. was also able to tolerate these conditions. It is clear that very long-term experiments are only possible in salt marshes if the effects of trampling and The interpretation of increases in shoot frequency of species which are present at a low frequency in plots at the start of the experiments requires comment, especially with respect to annuals. The increase in shoot frequency and biomass in Suaeda maritima in sub-plots treated with inorganic nitrogen not only reflects the growth response of individual plants of this species to inorganic nitrogen, but also the build-up of a seed reservoir on the plots, which, over a period of time, influences shoot frequencies in both control and treated sub-plots.
Care was taken to add nutrients to the experimental plots after the completion of the spring tides, and the nutritional effects which were observed were confined to the treated areas, there being no evidence of lateral movement of the mineral salts across the experimental plots. Although nitrogen was applied either as nitrate or ammonium salts, it is possible that some of it may have been transformed before it was utilized by the vegetation or lost as a result of denitrification. However, both the quantity of nitrogen applied and the frequency of application should have compensated for losses of this type. The different secondary effects discussed above did not seriously mask the main effects of the mineral salts on the vegetation.
The results show that long-term additions of inorganic nitrogen, potassium or phosphorus to the two experimental plots resulted in relatively little change in the composition of the vegetation. After 3 or 4 years of regular applications of mineral salts, with one or two exceptions the shoot frequencies of the abundant species at both experimental sites were the same in the control and in the treated sub-plots. Armeria maritima was the only abundant species at the start of the experiment which showed a significant change of shoot frequency in response to the treatments during the experimental period, and this fall in frequency was restricted to those sub-plots which received inorganic nitrogen.
Aster tripolium, Halimione portulacoides and Suaeda maritima, which showed increases in shoot frequencies in those sub-plots treated with inorganic nitrogen, also exhibited in sand culture a marked growth response to nitrogen when this element was present at concentrations of 1 mm in the culture solution, as compared with the corresponding response at lower concentrations of nitrogen (Jefferies 1977) . These species are characteristic of the lower levels of the Stiffkey marsh and the banks of the drainage channels in the upper marsh. Although there was a significant increase in the shoot frequencies of Aster and Halimione in those plots treated with nitrogen, the increase over the 3-or 4-year period was relatively small and not common to all plots treated with inorganic nitrogen.
In those plots treated with nitrogen only, certain species, such as Limonium vulgare, Spergularia marina and Halimione portulacoides, showed an increased allocation of resources to sexual reproduction. In the first two of these species this enhancement in the number of inflorescences was greater in plots treated with ammonium salts than those which received nitrate, although this difference was not apparent every year. Along the banks of drainage channels, where inorganic nitrogen concentrations in the soil solutions are high (Jefferies 1977) , Limonium plants produce a large number of inflorescences compared with plants growing at sites away from the channels in the upper marsh.
Vegetative growth of many of the species in response to the different treatments was sluggish; a number of the abundant species failed to show significant differences between the treated and control plots. This significant lack of response was evident in both perennial species and in annual species such as Salicornia europaea agg. Most of those species which had significantly higher biomass values on the nitrogen-treated plots as compared with elsewhere were at a low frequency at the start of the experiment, but, as discussed above, the increase in shoot frequency over a 3-or 4-year period did not lead either to the disappearance of other species from the plots or, with the exception of Armeria maritima, to a change in the frequency of the abundant species.
Year-to-year variation in shoot frequencies of species within an experiment produced highly significant differences, far more than those associated with the effects of treatments. Errors of recording are unlikely to be responsible for these significant yearly differences, as in each year the recording was performed by the same individuals.
These changes in percentage shoot frequency probably reflect the responses of the species to summer drought and the development of hypersalinity in the upper marsh at Stiffkey. Every year some leaves of Triglochin maritima, Limonium vulgare and Plantago maritima undergo premature senescence in late June, especially in areas of high elevation in the upper marsh. Hence, as the records were collected in late summer, the tide might have removed dead or dying leaves, which could account for some of the annual variation in shoot frequency. In another paper, data of the phenology of the species, primary productivity and nutrient cycling will be presented to support the above observations.
The results presented in a previous paper (Jefferies 1977) indicate that populations of both annual and perennial species in the upper marsh show a relatively poor growth response in culture to additions of nitrogen, and grow in situations where the water content of the soil falls in summer,/hypersaline conditions develop and the tide fails to cover the marsh for much of this period. In addition, the concentrations of nitrate and ammonium ions in the soil solutions of the upper and lower levels of the marsh are similar at any one time, although there is considerable seasonal variation. Results given in this paper show-that regular additions of inorganic nitrogen over a period of 3 or 4 years to plots in the upper marsh produced little or no change in the dominant species and that no species disappeared from the plots. Such a finding indicates that this plant community composed of less than a dozen herbaceous species, many with a similar growth habit, exhibits a strong degree of constancy towards nutritional perturbations of the types applied to these sites. It is suggested that there has been selection for plants with a relatively slow growth rate, which are capable of surviving a long period of summer drought. Hence, the level of primary productivity of this system is not limited by nitrogen shortage per se, but by the deleterious effects of low water potentials and high salinities. Because of the considerable age of these marshes, as judged by historical records and geomorphological evidence (R.L. Jefferies, unpublished) , there has been a long period during which genetic evolution of populations within the marsh could have occurred. Many marshes elsewhere are much younger, and there may not have been sufficient time for considerable environmental heterogeneity to develop which could result in the differentiation of plant populations within the marsh.
Although these findings differ from those of Tyler (1967) , Pigott (1969) , Stewart et al. (1972 Stewart et al. ( , 1973 , Valiela & Teal (1974) and Patrick & Delaune (1976) , they are not necessarily at variance with their conclusions. At sites where tidal immersion is frequent and the marshes younger and with relatively high water potentials, net primary production may be limited by lack of available nitrogen, especially at sites away from the creek banks. At these sites the concentration of nitrogen in the sediment water is lower than in the corresponding water from the creek levees (Jefferies 1977) . Annual plants especially may show evidence of nitrogen starvation, as they depend totally on the ability of a small root system restricted to the upper layers of the sediment to take up nitrogen. Likewise, the growth of plants with high relative growth rates, such as Spartina alterniflora, may be restricted because of a shortage of available nitrogen. It is significant that species of the lower marsh (Suaeda maritima, Aster tripolium, Halimione portulacoides and Salicornia europaea agg.), where water and nitrogen are usually not limiting for plant growth, have high relative growth rates. In the experiments reported above, because of the effects of drought, these species showed only modest increases in shoot frequency and biomass in the plots treated with nitrogen.
